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Abstract

The uptake of peroxyacetyl  nitrate (PAN) on liquid sulfuric acid surfaces has been

invest igated using a fast-flow reactor coupled to a chemical ioniz.at  ion mass spectrometer. PAN

was observed to be reversibly adsorbed on sulfuric acid. From the time-dependent uptake, Henry’s

law volubility constant of PAN in sulfuric acid was obtained, The measured volubility constant

was found to depend strong] y on temperature (199-226 K), but weakly on acid composition (46-

72 wt %). on 72 wt % HzSOd, for example, the effective Henry’s law volubility constant was

determined to be about 5.6x I@ and 3.1x103 M atm”l at 208 and 222 K, respectively.

Heterogeneous reactions of PAN with HC1, Cl, CIO, and OCIO on liquid sulfuric acid were also

investigated and found to be very slow (y < 1x104). Atmospheric implications of the present

results are discussed.

(Submitted to J. G. R.- Atmosphere, Sept. 1996)



lntroduct ion

The atmospheric chemistry of nitrogen compounds plays an important role in

photochemical  oxidation processes that determine the fins] forms of atmospheric pollutants.

Although these photochemical  reactions ultimately lead to the conversion of nitrogen oxides

(NOX)  into HN03, there are also a number of side reactions that produce a variety of organic

nitrates [Darnall et al., 1976; Atkinson et al,, 1982; Atkinson and Lloyd, 1984; Calvert  and

Madronich, 1987]. These organic nitrates act as temporary reservoirs of reactive nitrogen, which

can be realist rikmted throughout the atmosphere by circulations [Singh and Hanst,  1981] and, thus,

provide a source of NC), it) clean atmosphere where it is critical to the oxidation of hydrocarbons

and the formation of ozone.

Peroxyacetyl  nitrate (CH3C(0)C)ZNC)Z, PAN) is recognized as one of the most abundant

tropospheric organic nitrates. Laboratory [Spicer  et al,, 1981; Akimoto et al., 1980] and field

[Stephens et al., 1956; Singh et al., 1990; Ridley et al., 1990] studies have established that PAN

can account for a significant fraction of reacted NO,; it has been detected globally from ground

level to an altitude of 10 km [Singh et al., 1986; Singh et al., 1992] at concentrations that are

significant relative to the total NOY budget [Kasting and Singh, 1986; Derwent and Jenkin,  1991;

Hcmrath and Jaffe, 1992; Parrish et al., 1992; Stepson et al,, 1992; Kasib}~atla et al., 1993]. in

the atmosphere, PAN is formed primarily from photochemical  reactions of a wide variety of

small nonmcthane hydrocarbons in the presence of NOX via the reaction of peroxyacetyl radicals

with N02,

CH3C(0)02 + NO, + M + CH3C(0)OZN02  + M

The fate of PAN is determined by several atmospheric removal processes,

decomposition, UV photolysis,  and chemical reactions with OH or Cl. In the

the concentration of PAN is mainly controlled by thermal decomposition,

(1)

including thermal

lower atmosphere,

which is strongly

temperature dependent [Orlando et al., 1992; Roberts and Bertman,  1992; Grosjean et al., 1994].

At higher altitudes (> 7 km) where the thermal decomposition is slow, photolysis becomes the

dominant sink for PAN [Mazely et al., 1995; Talukdar  et al., 1995].

Another potential loss mechanism of PAN in the atmosphere is its interaction with

particulate. PAN may influence precipitation quality directly by contributing additional nitrate,
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and it may also }~ave an indirect effect by serving as an oxidizing agent in aqueous solutions,

perhaps in a manner similar to that of hydrogen peroxide. lior example, in alkaline solutions PAN

has been found to rapidly hydrolyze and yield nitrite and acetate anions and molecular oxygen

[Nicksic,  1967; Stephens, 1969]. A number of authors have reported volubility and hydrolysis of

PAN in distilled awl sea water and slightly acidic solutions at or near room temperature

[Holdren,  et al., 1984; Lee, 1984;  Kames et al., 1991; Ixmger, et al., 1992; Kames and Schurath,

1995], These studies suggest that PAN is soluble in these aqueous solutions (the Henry’s law

volubility constant is about 4 M atm”l at 293 K), but its hydrolysis rate is very low. in addition,

Lee [1984] investigated the oxidizing effect of Oz, 03, and H202 in aqueous PAN solutions and

suggested that PAN is not a good oxidant in cloud water.

A recent study [Jaegle  et al., 1996] has proposed that an observed chlorine deficit in the

lower stratosphere on the basis of field measurements may be accountable due to the formation

of oxo acids (such as HC102, HC103,  or HCIOA) from heterogeneous reactions of chlorine oxides

(such as C1O or OCIO) with sulfate aerosols, Our results [Zhang and I&u, 1996, unpublished

results] indicate that formation of these oxo acids from direct uptake of chlorine oxides on

sulfuric acid is unlikely, but a possible oxidation mechanism may involve heterogeneous

interactions of some chlorine containing species in the presence of a strong oxidizing agent such

as PAN in sulfuric acid.

Although it generally has been concluded that PAN does not contribute significant] y to

the acidification of cloud or fog particles, and t}~at  its loss from the atmosphere by wet deposition

is slow, heterogeneous chemistry of PAN on sulfate aerosols at low temperatures is still

unexplored. This information is needed for a thorough understanding of the reservoir species for

NO, and the conditions under which these reservoirs act to initiate photochemical  processes. in

this article, we describe a laboratory study of heterogeneous interaction of PAN with liquid

sulfuric acid at conditions representative of the upper troposphere and lower stratosphere, i.e. in

the temperature range of 199-226 K and with H2SOd contents of 46-72 wt %. From the gas-phase

kinetic data, the Henry’s law volubility constant of PAN in HzSOq is determined. In addition, we

report measurements of oxidation potential

some chlorine oxides. Finally, atmospheric

of PAN in sulfuric acid for species such as EIC1 and

implications of the present results will be addressed.
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Ilxpcrimental

PAN uptake measurements were conducted in a fast-flow reactor coupled to a chemical

ionization mass spectrometer (CIMS). Detailed descriptions of the experimental apparatus and

l>rweclLlrcs  l~avel>ccil  givcl~elsew}~ere[Z  l~al~get  al,, 1994; Ia letal.,  1995; Zhanget  al., 1996],

and only a brief overview is presented here along with features pertinent to this work.

The borosilicate flow reactor which had an inner diameter of 2.8 cm and an overall hmgth

of 60 cm was horizontal] y-mounted and temperature regulated. 1.iquid H&li films were prepared

by totally covering the inside wall of the flow tube with sulfuric acid solutions. At low

temperatures (< 220 K) the solutions were sufficiently viscous to produce essentially a static film

which lasted over the time scale of the experiments, Ile thickness of the films was estitnated  to

be about 0.1 mm, based on the amount of acid solution used and the geometric area covered,

Composition of the liquid HzSOd was governed by the temperature and H20 partial pressure in

the flow tube [Zhang et al,, 1993]: once exposed to HZO vapor, the sulfuric acid film took up

H20 and became more diluted until equilibrium was reached. HZO vapor was admitted to the flow

tube with the main He carrier gas. The partial pressure of H20 was estimated by passing a known

flow of He carrier gas through an H20 reservoir at room temperature. It was controlled by

dihlting  the humidified He flow (assuming 100% RH) with a dry He flow. During a

warming/cooling process, the amount of water introduced into the flow reactor was adjusted to

compensate for possible changes in the acid composition of the liquid film, incurred due to the

changing tempemture.  The error limit for estimating the acid composition of the films was about

1-2 wt %, considering uncertainties associated with temperature (+ 1 K) and water partial pressule

(~ 20 %) measurements. in addition, some uptake measurements of PAN were performed by

directly preparing sulfuric acid of known composition (determined by weighing a known volume

of the solution and using its specific gravity with an estimated uncertainty in the acid content of

about ~ 0.S wt %) on the inner wall of the flow reactor. For these experiments, water vapor was

also added to the flow reactor in order to prevent evaporation of water from the liquid film and

subsequent change in the acid composition. The results obtained using these two methods were

found to be consistent within the experimental uncertainty.

PAN was synthesized from the reaction of peracetic  acid and concentrated nitric
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acid/sulfuric acid in the solvent n-tridecane  (C1JHZ8),  according to the method of Gaffney et al.

[1984]. The reaction mixture was then washed several times at 273 K in orclcr to remove water

soluble impurities. The PAN sample was collected by passing t}le vapor from t}le tridecane

sol ut ion through a r&ervoir immersed in a 1 iquid nit mgen dewar. Infrared spectra t akcn from the

gaseous samples showed that the fraction of PAN in the vapor was greater than 98%; the

identification of PAN was made from the appearance of five stronger bands located at 793, 1163,

1302, 1741, and 1841 cm-l, consistent with previous studies [Kleindie.nst,  1994]. The high purity

of the PAN sample was further confirmed by mass spectrometric  measurements. During the

experiment the solution containing PAN was maintained at temperatures between 210 and 220 K.

Gaseous PAN was added to the flow tube along with a small He flow (O. 1-10.0 Cms min”l at

STP) and further diluted in the main He flow (310 cm3 rein-] at STP) before contacting the liquid

acid surface. The concentrations of PAN in the neutral flow reactor were determined according

to the vapor pressure expression of hW(Torr) = - 4586/7 + 18.77 for pure PAN in the

temperature range of 210-330 K [Kleindienst,  1994] and the dilution factor of the PAN carrier

flow, A 3-way switching value was designed to quickly change the PAN flow either downstream

or upstream (i.e., to expose or bypass PAN vapor to sulfuric acid), with a delay time s}~orter than

50 milliseconds. Tyj>ically,  the flow tube was operated at a pressure of ().4() to ().45 Torr, with

an average flow velocity ranging from 1600 to 2000 cm S-l.

PAN was detected by the CIMS operated at a positive ion detection mode. We have used

the following ion-molecular reaction as the detection scheme for PAN,

x+ + CH3C(0)02N02 + CH3CO+ + Products (2a)

. N02+ + Products (2b)

where the reagent ion X+ can be He+, H30+, or Oz”. Reaction 2 has not been previously studied;

however, it is expected to be exothertnic  [Harrison, 1992]. Figure Id illustrates the mass spectra

of PAN after reaction with the 02

+ reagent ion. The peaks at m/e = 43 and 46 arise from the

CH3CO+  and NOZ+ ions, respectively, To generate the positive reactant ions, a large flow of

helium 6-10 slpm (standard liter per minute at 293 K) was first passed through a rhenium

filament (6- 10 A emission current) in the ion flow tube, forming He’ ions by electron impact

ionization (Fig, 1a). It was found that even a small fraction of water in the helium supply could

result in a complete loss of the He’ ions due to the formation of hydroniurn  ions. As a result, the
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helium  flow was circulated through a liquid nitrogen trap prior to entering the ion flow tube, in

order to remove water. Subsequently, 02’ or HJO+ ions were produced by addition of a small

amount of Oz or H20 (about a few cm3 mit~”i at STP) downstream of the ion flow tube to react

with the He’ ions (Figs. 1 b and lc),

H e+ + Oz + Q+ + He (3)

or

H e+ + HZO . H20+ + He (4)

H@+ + H20 - H@’ + OH (5)

The advantage of using the Ozi reagent ion was due to its very small rate for the reaction with

HZO (< 1x1012 cm3 s-l) [Anicich,  1994], so that the PAN detection was not affected by the

variation of water concentration in the neutral flow reactor. For the majority of experiments

reported here, PAN was detected at m/e = 43 (corresponding to the CH~CO+  ion) using the Oz+

reagent ion, but the results did not vary with the various reagent ions used. Typical PAN

concentrate ions used in the present study were about 3X109 to 3X 10’0 molecules cm-3 in the neutral

flow reactor. The lower reactant concentrations used in this experiment were essential to

minimize the occurrence of secondary reactions, Detection sensitivity of PAN in the CIMS was

est imattxl to be about 1x108 molecules cm-3 with a S/N ratio of unity for 1 s integration time.

Unlike PAN, detection for HCI, Cl, C1O, and OC1O was made using the negative reagent

ion SFC-: they were monitored as FoHC1, Cl-, CIO-, and OCIO-, respectively. Atomic chlorine was

produced by passing a helium flow (about 150 cm3 S-l at STP) with a trace of Clz through a

microwave discharge. OC1O was genemted by flowing a CIJHe  mixture through a glass column

packed with NaC102 powders. CIO radicals were formed by the reaction of chlorine atoms with

chlorine dioxide. The concentrations of these species in the neutral flow reactor were estimated

by assuming the same rate coefficient of these species with SF,- as t}~at  of HCI with SF,- (-

1x10-9 molecules cm3 S-l) [Huey et al., 1995] and comparing their relative intensities with respect.

to HC1 under similar conditions, The CIMS was calibrated for HC1 by measuring the flow rate

of a known mixture of HC1 in He; the calibration procedure was described in detail in our

previous work [Zhang  et al., 1994; Zhang et al., 1996]. Detection sensitivity of these species was

similar to that of PAN described above, Ion chemistry was also explored for perchloric  acid by

preparing its pure sample. HCIOd was synthesized by slowly adding concentrated H2SOd ( -96
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wt Yo) into KCIOq powders at room temperature and collecting the vapor at the liquid nitrogen

temperature. HCIOd was detected using the negative reagent ion SFb- and monitored as CIOd-.

Product ions in the ion flow reactor were effused through an orifice. of 0,5 mm diameter,

which was biased at-a small voltage (1-1 O V), and further collirnfited by a set of lenses. The ions

were then mass selected by a differentially pumped mass spect remet er and detected by a

channehran electron multiplier operated in an analog mode. q’he CIMS detector was linear over

the range of PAN concentrations used, since the concentrations of reactant ion were not affected

by the small concentrate ions of the neutral reactant,

ITI general, gas-phase uptake by a planar liquid surface is due to either time-dependent

physical adsorption or irreversible chemical reaction, which can be treated by a diffusive and

react ion equation [see, for example, Danckwerts, 1970],

(6)

w}]ere C represents the concentration of the species in the liquid, x is the distance, D, is the

liquicl-phase  diffusion coefficient, and R, is the rate of liquid phase reaction. For the case where

there is no chemical loss in a semi-infinite planar liquid (i.e. RI = O), eq. 6 has been solved as

[Danckwerts, 1951],

where h = a u/(4 RTH*),

of the molecule, R is the

yob,(l)  = a[ l-erj (h JD,l)]eh2’4( (7)

a is the mass accommodation coefficient, co is the mean thermal speed

gas constant (0.082 L atm-l mol-l K-l) , T is the temperature, H* is the

effective Henry’s law volubility constant, and erf(x) is the Gauss error function, Under the

condition that h ~f > 1 (lower solubilit  y or longer time), this solution can be approximated

as [Hanson and Ravishankara, 1993; Abbatt,  1995; Kolb et al,, 1995]

(-)_  4RTH’ q +
Yobs ( t ) an-t

(8)

Hence, eq. 8 relates the measured time-dependent uptake coefficient (yO~~ to t}]e product of the

effective Henry’s law volubility constant and the square root of the liquid-phase diffusion

coefficient ( H*W ). Since the thickness of liquid sulfuric acid films (/) used in the present study

was finite, eq. 8 applies only when 1 > 1~, where 1~ (1~ = (nD1t)i’2)  is the characteristic depth of
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liquid-phase diffusion at time [. Under our laboratory conditions, the thickness of sulfuric acid

films was estimated to bc about ().1 mm (or 100 ~m) and the t ypica] exposure time for PAN

uptake was less than 1 min (see Figure 2). The. depth of liquid-phase diffusion was calculated

to be less than 20 ~tn using a diffusion coefficient of 1x 10-8 cn12 S-l, so that the above condition

held reasonably well. The uptake coefficient can be calculated from [Motz and Wise, 1960]

yo~), ( r ) ‘ -:,r;k. (9)

where r is the radius of the flow reactor. The first-order rate coefficient (k) is related to the

fractional change (A tin) in the gas-phase concentrations of PAN before and after exposure to

liquid sulfuric acid by

( )
kz?j .!!! (lo)

n

where Fg is the carrier gas volume rate of flow (cm3 s-l) and A is the surface area of exposed

liquid. When the uptake rate became gas-phase diffusion limited, the first-order rate coefficient

was corrected for gas-phase diffusion restrictions according to the method suggested by Browr]

[1978]. The gas-phase diffusion coefficient for PAN in He was estimated to be PDg = 168 Torr

cm2 S“”l at 230 K, with a temperature dependence of T 175 [Marrero and Mason, 1972], From the

time evolution of the PAN signal, the quantity H’@,-  can be extracted from the slope of a plot

of yO~~(t)  versus t-’”, according to eq. 8.

To estimate the liquid-phase diffusion coefficient, we adopted a cubic cell model that was

initially developed for self-diffusion in liquids [Houghton, 1964; I.uo et al,, 1994],

DI . ~.T~2.
6VMpAN

(11)

and

(12)

where p is the density of liquid H2SOq and x is the H2SOd  mole fraction. MP~M, ~o~-, and

Ml o are the molecular weights of PAN, S0,2-, and H20 respectively. Assuming that there is no
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liquid-phase dissociation, we estimated an effective molecular dimension (d) of -6.3 ~ for PAN

diffusing in liquid sulfuric acid. The viscosity coefficient (q) of sulfuric acid, used in eq. 11,

incorporated the viscosity measurements by Williams and Long [ 1995],

Results and Discussion

PAN [Jptakt?  and Volubility Mea.vurernents

To study the time-dependent uptake, a PAN flow, which bypassed a liquid sulfuric acid

film, was first established. When a steady PAN signal was obtained, the direction of the PAN

flow was quickly changed from downstream to upstream via a 3-way switching valve, exposing

a 20-30 cTn length of the acid film to PAN vapor. The PAN signal  was continuously monitored

using the CIMS and uptake from the gas phase was determined from the decline  and recovery

in the PAN signal, Thus, changes in the mass spectrometer signal that occurred when PAN was

exposed to a sulfuric acid film reflected the net flux that PAN was lost to the surface [Worsnop

et al., 1989].

Figure  2 shows a typical example of the temporal profile of PAN as it was exposed and

bypassed a 30-cm length of a liquid sulfuric acid film at 212 K, The acid content of the film was

estimated to be about 59 wt %, Figure 2 shows that the PAN concentration in the gas phase fell

instantly upon exposure to liquid H2SOq at about 1.2 rein, because of rapid uptake into the film,

which was initially free of PAN. The signal later recovered, as the film became saturated and

startecl  to evaporate some of the PAN which had been dissolved, and, asymptotically approached

its original value. Switching the PAN flow downstream at 3.4 min resulted in an opposite peak

due to resorption. The shapes of the adsorption and resorption curves were nearly identical,

suggesting t}~at PAN was physically taken up by liquid sulfuric acid without undergoing

irreversible aqueous phase reactions, This held true over the entire HzSOd content and temperature

ranges investigated, i.e., over H2SOd contents of 46-72 wt % and temperatures of 199-226 K.

Under TIO circumstances did we observe any gaseous products by the CIMS associated with PAN

uptake in sulfuric acid.

The data displayed in Figure 2 were analyzed by calculating the uptake coefficient using
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eq, 9 from the initial and time-dependent signals of PAN, Figure 3 plots the time-dependent

uptake coefficient as a function of t-’”,  yielding a straight line in accord with eq. 8. The uptake

coefficient is initially about 0.008 and its value decreases rapidly with time, indicating that at

longer  times the decreasing uptake coefficient is a manifestation of the volubility limitation. The

slope of the straight line in Figure 3 is proportional to the quantity }1”~; a value  of 2.7 M

atm-l  cm2 s-’ is obtained in this case,

The measured quantity H’m on sulfuric acid is summarized in Figure 4. These

measurements were performed at temperatures between 199 and 226 K and with acid contents

bet wecn 46 and 72 wt %. The different symbols rej~resent  various acid compositions used. Figure

4 SIIOWS that the quantity H“J3[ increases markedly with decreasing temperatures. This is

expected since p}~ysical  volubility in general increases with decreasing temperatures. On the other

hand, the quantity H*@f varies slightly with acid composition at a given temperature. qle

estimated uncertain y in these measurements is about +50 %, including systematic errors in the

measurements and random errors in the data.

Effective Henry’s volubility constants for data displayed in Figure 5 were determined by

estimating the liquid-phase diffusion coefficient D{ of corresponding temperatures and acid

compositions using eq. 11. Obtained values of H’ for PAN on sulfuric acid of various contents

arc plotted against the reciprocal of temperature in Figure 5. Also shown in the figure as the

clas}~ed line is the Henry’s law volubility constants extrapolated to low temperatures based on the

work of Kames et al, [1991] and Kames and Schurath [1995]. These authors reported Henry’s law

solubi]ity  constants measured at temperatures between 273 and 293 K and found very little pH

dependence for this quantity in the range of 3.2< pH s 6,7. Figure 5 indicates that the effective

Henry’s volubility constant of PAN in sulfuric acid depends strongly on temperature, but weakly

on acid content, At a given temperature, the values for 72 wt % sulfuric acid are about a factor

of two or three larger than those memured on more dilute sulfuric acid solutions. The slightly

higher l]’ values in concentrated sulfuric acid occurs because the measured quantity H’m does

not change appreciably with the acid composition (Figure 4), but the liquid-phase diffusion

coefficient decreases drastically with increasing acid content, because of increasing viscosity.

Nevertheless, in most cases, our measured H’ values agree reasonably well with the extrapolated
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values from the literature data within a fi~ctor  of two, except for 72 wt $% H$Oq,  in which case

the maximum difference is about a fttctor  of five. For a given acid composition, the temperature

dependence of the effective Henry’s law constant is expressed by lnll*  = -A }f/R7’ + A ,$/R,  where

AH and AS are the changm of enthalpy  ancl entropy associated with the PAN solvation.  The

values of A H derived from the present study vary from - 12.() to -18.7 kcal mol-l, in the acid

content ra~lge  of 46 to 72 wt %; our value for A }1 in 46 wt % HzSOd is similar to -11.8 kcal

mol-] reported by Lee [1984] in aqueous solutions at temperatures between 283 and 29S K. The

changes in entropy, AS, also vary from -38.2 to -68,0 cal mol-l  K-’ in the same acid composition

range, Results of the measured values of Ii*@,  and H* for PAN in liquid sulfuric acid are

summarized in Table 1.

in general, the effective Henry’s law solubilit  y constant H’ exceeds the physical Henry’s

law volubility constant H due to processes such as dissociation or chemical reactions proceeding

in the aqueous phase [Schwartz, 1986]. The extent of acid-based dissociation for species such as

HC1 and HNO~ in sulfuric acid increases with decreasing sulfuric acid content at a given

temperature [Watson et al., 1990; Zhang et al., 1993] and, accordingly, their effective Henry’s

law constant increases with decreasing sulfuric acid content. One possible aqueous phase reaction

for PAN has been proposed by Lee [ 1984],
CH~C(0)02N02 + H20 + 2H+ + CHJCOZ- + Noz- + 02 (13)

At room temperature, the measured hydrolysis rate is too low to account for any measurable

changes in the effective Henry’s solubilit  y constant [Lee, 1984; Katnes et al., 1991; Kames and

Schurath,  1995]. Like] y, the presently observed weak dependence of H’ with acid content reflects

a lack of aqueous processes for PAN in sulfuric acid at low temperatures.

Heterogeneous Reactions of PAN with HC1,  Cl, C1O, and OC1O

We have investigated heterogeneous reactions of PAN with HC1, Cl, C1O, or OC1O on

sulfuric acid. The experiments were carried out by first allowing the HzSOd film to equilibrate

with PAN introduced from the gas phase and then measuring the uptake of HCI, Cl, C1O, or

OCIO. Pm-tial  pressures of these reactant species were maintained in the range of lx 10-6 to 1x10-7

11



Torr with PAN slightly in excess (- 3X10-6 ‘1’err). For measurements with three acid compositions

(42, 51, and 69 wt %) at temperatures of 202 and 224 K, we did not observe enhanced uptake

coefficients of these species due to the presence of PAN in sulfuric acid. An upper limit of 1 x 10’4

can be placed for the reaction probability of PAN reactions with HC1, Cl, C1O, and OCIO, based

on our experimental conditions. Also, we performed two experiments by exposing HC1, Cl, C1O,

or OCIO vapor to sulfuric acid films (42 and 69 wt %) for 10 to 20 min at 210 K and then

measuring PAN uptake. The partial pressure. of PAN (-- 5x10-7 Torr) was slightly less t}~an that

of HC1, Cl, C1O, or OCIO (bet wecn about 1x10-6 and 3X10-6 ‘1’err). Similarly, no measurable

enhancement in the PAN uptake  coefficient was observed. Again, an upper limit of y - lx 104

was determined. Additionally, some experiments were performed by co-exposing PAN and one

of the species HCI, Cl, CIO, or OCIO to a sulfuric acid film of 42 wt % for 10 to 20 min at 210

K and then identifying the constituents in t}~e  liquid using the temperature-progratnrned-

resorption method. No reaction product was identified; in particular, we observed no formation

of any of the oxo acids of chlorine. Thus, we conclude that these reactions are of negligibly

atmospheric importance on sulfate aerosols.

Conclusions

In this paper we have reported the first laboratory measurements of the interaction of PAN

vapor with liquid sulfuric acid at conditions representative of the upper troposphere and lower

stratosphere. PAN was observed to be p}~ysically  taken up by sulfuric acid, without undergoing

irreversible chemical reactions. The uptake data show that PAN is soluble in liquid sulfuric acid:

the measured Henry’s law volubility depends strongly on temperature, but weakly on sulfuric acid

content. For 72 wt % H2SOd, for example, the effective Henry’s law constant of PAN was

determined to be about 3. lx 10s M atm-’ at 222 K and 5.6x ld M atm-* at 208 K. Using the

expression of [PA N(aerosol )]/[PAN(gas)] = H*LRT, the distribut  ion of PAN bet ween the gas and

the condensed phases is estimated to be less than 104, for a volume ratio (L) of 10-] 1 for sulfate

aerosols (- 70 wt YO ) at 220 K, Ilerefore,  in the clean troposphere direct cent ribut ion to

particulate nitrate levels by PAN dissolution in sulfate aerosols is probably not significant.

Heterogeneous reactions between PAN and gas-phase species such as HCI, Cl, C1O, and OCIO
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were concluded to be unimportant on sulfate aerosols in the atmosphere.

Thercsearch  was performedat  the Jet Propulsi onLaboratory (JPL), California institute

of Technology, under a contract with the National Aeronautics and Space Adrninistratiorl

(NASA). We thank C. Miller for assistance in collecting IR spectra of PAN. Helpful discussions

with several members of the JF’L Kinetics and Photochemistry group are greatly acknowledged.
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Table 1, Measured Values of H’@f aT~d H+ for PAN ill I.iq~lid  HzS~~ SOIUtiCMM

H2SOd Content Tern j3erat ure H“~ ]J*

( W t  % ) (K) (M atm”l  cm s“’”) (M atm”’)

—.. — — .-

54

59

72

46 199.1 7.20 6.47x10 4

199.1 7.40 6.65x  104
202.3 5.80 4.17X10 4

207.2 4.28 2.28x10 4

211.2 2.79 1.20X 104
216.5 1,66 5.54X103

207.8 3.10 2,00X 104

208.2 3.00 1.89x10 4

213.8 2.25 1 .05X 104
214.9 2.01 8.85x1O’
216.5 1.05 4.27x10 3

216.8 1.12 4.50X 103
219.4 0.65 2.32X10 3

226.0 0.32 8.75x10 2

207.8 3.12 2.42x 104
208.9 3.12 2,26x104

209.6 3.00 2,08x 104

211.5 2.71 1.68X10 4

212,8 2,15 1.24x104

214,7 1.57 8,17x1O’

216.6 0.85 4.01X 103

207,8 2.22 5.58x104

208.0 2.11 5.14X10 4

208.1 2.12 5.22x 104

211.7 2,01 3.34X104

212.6 1.80 2.88x104

213,4 1.36 2.03X 104

214.8 1.05 1 .40X 104

217.0 0.82 9.24x10q

219.2 0.60 5.77X103

221.6 0,38 3.13X10 3

————



Figure Captions

Figure 1. Mass spectra of He+, OZ’, and HJO’ reagent ions and OL+ reaction with the effluent

from a PAN bubbler. PAN is detected as CH,CO+ (v~/e = 43) or N02+ (nl/e = 46).

In Fig, la, a small, yet distinguishable peak at tn/e = 8 is due to the He2+ ions.

Figure 2. Variation of the PAN signal as a function of time. PAN was exposed to a sulfuric

acid film of 30 cm in length at 1,2 min and the, exposure was terminated at 3.4

min. The temperature of the flow reactor was held at 212 K and the acid content

of the film was estimated to be - 59 wt %. Experimental conditions are: 1’11, =

0.42 Torr, V = 1800 cm s-], and PPA~ = 8x10-7 Torr.

Figure 3. Calculated time-dependent uptake coefficients as a function of t-]fl of data

displayed in Figure 2. Ile solid straight line is a linear least squares fit through

the data. ‘lie slope of the line is used to extract the quantity H*~.

Figure 4. Measured values of H’JDl against the reciprocal of temperature for various H2SOd

contents: (0) 46 wt %; (0) 54 w %; (V,) 59 wt %; (T) 72 wt %. Experimental

conditions are: PII, = 0.40 to 0.45 TOIT,  V = 1600 to 2000 Cm S-l, and ~PAN ~ 10“7

to 10-6 Torr.

Figure  5, Calculated }]* for data displayed in Figure 4 by estimating the liquid-phase

diffusion coefficient using the cubic cell model. ~le different symbols correspond

to different HzSOi contents: (0) 46 wt %; (.) 54 wt %; (Vj 59 wt %; (T) 72 WI

%. The dashed line represents the Henry’s solubilit  y const ants extrapolated to low

temperatures based on the work of Kames et al. [1991] and Kames and Schurath

[1995].
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